The development of new types of sophisticated soft x-ray sources requires the knowledge of their emission characteristics such as photon flux, spectral distribution, and size of the radiation source. Calibrated spectrographs for the soft x-ray region are needed to determine these properties. The components of a soft x-ray spectrograph consisting of a pinhole gold transmission grating and a charge coupled device ͑CCD͒ camera are calibrated at the radiometry laboratory of the Physikalisch-Technische Bundesanstalt using the synchrotron radiation facility BESSY. Two different kinds of CCD-based photon detectors ͑one thinned and back illuminated, one coated with a phosphorous layer͒ are compared with regard to their sensitivities in the spectral range between 50 eV and 1.7 keV. The results obtained for the thinned CCD are compared with theoretical calculations of the sensitivity. © 1997 American Institute of Physics. ͓S0034-6748͑97͒00909-X͔
I. INTRODUCTION
arrangements are under investigation as laboratory sources of soft x-ray radiation in the photon energy range from 100 eV to a few keV. Laser-produced and pinch plasmas are emitters of intense, pulsed radiation in this photon energy region. The line, bremsstrahlung, and recombination radiation from such highly ionized plasmas can be used for different applications, e.g., x-ray microscopy and x-ray lithography. [1] [2] [3] [4] [5] The characterization of these sources requires the determination of the spectral distribution of the emitted radiation as well as its radiance with low uncertainties. Semiconductor devices like photodiodes, diode arrays, or charge coupled devices ͑CCDs͒ can be used to detect soft x-ray radiation. [6] [7] [8] [9] The application of CCD cameras makes lateral resolution in two dimensions on the micrometer scale possible. Compared to x-ray films, which need a developing procedure, CCD detectors allow the online detection of photons. Together with an energy dispersive element like, e.g., a transmission grating, the CCD can serve as a spectrograph for soft x-ray radiation. 8, 10, 11 Measurements of the total photon flux of soft x-ray sources require the calibration of the applied detector and the optical elements.
We have investigated two CCD camera systems using two different chips; the first chip is coated with a phosphorous layer and the second chip is thinned on the backside. As the optical element a gold pinhole transmission grating is used. The components have been calibrated against a transfer detector at the SX700 beamline of the PhysikalischTechnische Bundesanstalt ͑PTB͒ radiometry laboratory at the electron storage ring BESSY in the spectral range between 50 eV and 1.7 keV.
II. CHARGE COUPLED DEVICES FOR SOFT X-RAY DETECTION
CCDs are usually fabricated using metal-oxidesemiconductor technology with the front side covered by a silicon-oxide layer isolating the polysilicon gate structure from the p-silicon substrate. The polysilicon gates are arranged in an array of a few hundreds of columns and rows. Each gate represents a picture element ͑pixel͒ where charge can be stored. The pixels are read out after exposure and generate a certain number of counts depending on the brightness of the incoming radiation. A micro computer coalesces the data of the pixels to a picture. 12 To reach the sensitive region in the silicon bulk, photons have to pass through the polysilicon gates and the silicondioxide layer as well as possible contamination layers present on the chip surface. Because of the high attenuation coefficient of silicon and oxygen for the soft x-ray photons, they cannot reach the sensitive region and thus are unable to generate charge. Therefore conventional CCD cameras are not able to detect soft x-ray photons. One way to modify the CCD for soft x-ray photon detection is to coat the chip with a phosphorous conversion layer. In this case soft x-ray photons excite atoms of the conversion layer. As a result these atoms emit visible light which is able to reach the sensitive region where it can be detected ͓Fig. 1͑a͔͒. A first CCD, examined here, was coated by the Proxitronic GmbH in Bensheim with a phosphorous Gd 2 O 2 S:Tb layer with a thickness of (5Ϯ1) m and a grain size lower than 3 m.
Another possibility to employ CCDs for detection of soft x-ray radiation is to use a thinned and backside illuminated CCD. The bulk silicon is thinned to a thickness between 10 and 25 m by means of an etching technology corresponding to the depletion depth of the device. The chip is illuminated from the rear side. The incoming radiation has only to pass the natural oxide layer and a contamination layer of carbon a͒ Electronic mail: schriever@ilt.fhg.de each with a thickness of about 10 nm to reach the sensitive region in the thinned silicon bulk of the CCD ͓Fig. 1͑b͔͒. In this manner soft x-ray photons can be detected directly. Technical details of both CCD cameras are given in Table I .
III. EXPERIMENTAL SETUP
The measurements are carried out at the SX700 beamline of the PTB radiometry laboratory 13 at BESSY. The beamline is designed for radiometric applications 14 and covers the photon energy range from 40 eV to 1.5 keV. The spectral purity of the radiation provided by the monochromator has been carefully characterized. In the photon energy range between 40 eV and 1.5 keV the typical false light contribution is lower than 1%. The contribution of higher diffraction orders is minimized below 1% by use of a set of filters suited for each photon energy. Only in the photon energy range 150 to 250 eV, where no filter is used due to flux limitations, the contribution of harmonic-order radiation rises up to 5% at 250 eV. Above 1.5 keV the stray light contribution strongly increases with the photon energy and is of the order of 5% at 1.7 keV in a focal spot of about 1 mm 2 . A typical photon flux of the order of 10 10 s Ϫ1 is obtained.
The determination of the absolute photon flux during the CCD measurements is done with a silicon n-on-p photodiode which has been calibrated against an electrical substitution radiometer. 15 The knowledge of the responsivity of the photodiode with an uncertainty below 0.5% 7 allows the photon flux determination with an uncertainty of typically 1% or 2%, which is due to statistical limitations or beam instabilities. The duration of the CCD illumination of typically 10 s is known with an absolute uncertainty of 0.05 s. Figure 2 shows the experimental setup of the beamline for the CCD and the pinhole calibration measurements.
In our investigations, the calibration of the CCDs is performed in a wide spectral range from 50 eV to 1.7 keV. It should be noted that the uncertainties increase above 1.5 keV because of the higher stray light contribution. The covered spectral range is important for investigations with sources used for x-ray projection lithography in the 100 eV region, the x-ray microscopy ''water window'' between 284 and 532 eV and the x-ray proximity lithography in the photon energy range from 1 to 1.85 keV. This enables the calibrated CCD to be used for the characterization of sources for several important soft x-ray radiation based applications.
IV. CHARACTERIZATION OF THE THINNED BACK ILLUMINATED CCD CAMERA

A. Sensitivity
The most important feature of the characterization of the detectors is the determination of the detection efficiency over a wide range of the photon energy. For CCDs the generated electrons are usually converted to a voltage by a charge sensitive read-out amplifier which afterwards is digitized using a Wilkinson type analog-to-digital converter. In order to include effects of the camera electronics it is convenient to express the sensitivity as the quotient of registered ''ADC counts'' and the number of incoming photons. Figure 3 shows the sensitivity of the thinned CCD in a spectral range between 50 eV and 1.7 keV. The regions where absorption edges of some elements of interest are located are investigated in more detail. This includes the silicon L-edge at 99.8 eV, the boron K-edge at 188 eV, the carbon K-edge at 284 eV, the nitrogen K-edge at 400 eV, and the oxygen K-edge at 530 eV. 16 The selected elements are either contained in the camera chip ͑Si, O, B͒ or can be present at the surface of the chip as contamination ͑C, N͒. It can be seen that the rise in sensitivity with increasing photon energy is nearly linear up to about 1.4 keV except at the absorption edges of boron and carbon, where a sudden decrease of the sensitivity is observed ͓Figs. 3͑a͒ and 3͑b͔͒. No similar behavior is observed near the absorption edges of nitrogen and oxygen. At photon energies above 1.4 keV the sensitivity is nearly constant up to photon energies of 1.7 keV.
B. Linearity
Each incoming photon generates a certain number of electrons in the potential well depending on the photon energy. The number of created electrons is equivalent to the quotient of the photon energy and the energy required for the creation of an electron-hole pair in the silicon lattice, which is 3.64͑3͒ eV 7 at room temperature. The electrons are stored in the potential well during the exposure time until they are read out and registered by the camera electronics. The stored charge and hence the generated signal should be proportional to the number of incident photons. The total number of incoming photons can be changed by varying the exposure time keeping the beam intensity constant. For a fixed photon energy the sensitivity should be constant if the exposure time is varied.
To test the linearity of the CCD response the camera chip is exposed to different total numbers of photons by varying the exposure time. At the photon energies 99 eV, 500 eV, and 1.5 keV the linearity is examined by determining the sensitivity for ten different exposure times between 1 and 10 s in steps of 1 s. This corresponds to a total number of photons between 1ϫ10 6 and 4ϫ10 8 over an area of about 1 mm 2 . The sensitivity of the thinned CCD camera for these different total numbers of incident photons is presented in Fig. 4 . The sensitivity of the CCD is constant within the measurement uncertainty over the whole investigated region. The verification of the linear response of the CCD demonstrates that the sensitivity of the CCD camera does not depend on the exposure time as long as the signal does not exceed the full well capacity of the CCD pixel.
C. Homogeneity
Due to experimental constraints it is not always possible to expose the chip at the same position. For a comparison of results obtained at different positions on the chip, the homogeneity has to be known. The investigation of the lateral homogeneity of the CCD is carried out by measuring the sensitivity at six different positions on the chip. The CCD is exposed through a rectangular aperture with the dimensions 0.5 mmϫ5.0 mm. The six positions on the CCD are selected in two columns and three rows. The areas of the different positions do not overlap. All positions are illuminated with the same beam profile. The camera behind the aperture is moved leaving all other conditions unaltered. The result in Fig. 5 shows that the sensitivity depends slightly on the chip position, so that the chip is considered to be homogenous only within a range of Ϯ10%.
V. CHARACTERIZATION OF THE COATED CCD CAMERA
The sensitivity of the coated CCD is measured in the spectral range between 100 and 1024 eV considering especially the water window between the absorption K-edges of carbon and oxygen. Two differently coated chips are compared with regard to their sensitivities in this photon energy region. The measurements with chip 1 were performed FIG. 3 . ͑a͒ Sensitivity of the thinned CCD camera in the spectral range from 50 eV to 1.7 keV, and ͑b͒ enlargement of the region from 50 to 300 eV. earlier. 10 Determination of the sensitivity of both chips shows the reproducibility of the production process of the chips and their coatings ͑Fig. 6͒.
The sensitivity of the coated CCD camera rises linearly with the photon energy except for the absorption K-edge of oxygen at 532 eV. The change of the sensitivity at the absorption edge reveals the presence of the element oxygen in the phosphorous coating. Since the thicknesses of the phosphorous layers of chip 1 and chip 2 are different, the influence of the oxygen absorption K-edge is also different for both chips. A possible contamination with carbon is not significant.
VI. COMPARISON OF THE CCD TYPES
A comparison between the thinned back illuminated and the coated CCD shows that the thinned CCD is more sensitive to soft x-ray radiation than the coated one. In the thinned camera chip the amount of generated charge is larger than in the case of the coated CCD because the soft x-ray radiation absorbed by the coating has to be converted into visible light before its detection by the camera chip. The energy conversion efficiency is lower than one and the light is emitted into a 4 sr solid angle. The camera chip can detect only those photons which arrive at the polysilicon gates with incident angles smaller than the angle for total reflection. To specify the magnitude of these effects the sensitivity of both kinds of CCD cameras is compared.
Because of the different electronic response of the two CCDs ͑Table I͒, the comparison of the chips is based on the external quantum yield, which has been obtained by correcting the measured sensitivity with the transfer function of the electronics. Figure 7 shows the number of generated electrons for the two CCDs on a logarithmic scale. The external quantum yield of the thinned CCD is about one order of magnitude higher than the external quantum yield of the coated CCD over the whole investigated photon energy range.
In addition to the measurements, the external quantum yield is calculated by an absorption model for the thinned CCD camera with the photon absorption cross sections taken from the table of Henke et al. 16 We assume the sensitive thickness of the thinned silicon bulk to be 25 m with a dead layer of 20 nm, 8 where generated electrons are not detected, a natural silicon dioxide layer and a carbon contamination layer, for example from the oil of the vacuum pump, each with 10 nm thickness 9 ͑Fig. 1͒. The external quantum yield QY is then calculated by QY ϭ E phot 3.64 eV exp͑Ϫ10 nm C ͒exp͑ Ϫ10 nm SiO 2 ͒ ϫexp͑Ϫ20 nm Si ͓͒1Ϫexp͑ Ϫ25 m Si ͔͒,
͑1͒
where E phot is the energy of the incoming photon and the photon absorption cross sections of the elements and compounds, respectively, which depend on E phot .
To fit the measured values with the calculated external quantum yield in the whole energy range the calculation has to be multiplied by a factor of 0.7. This means that the external quantum yield can roughly be estimated by this model, but a more accurate calculation of the external quantum yield requires a more sophisticated model.
VII. CALIBRATION OF THE GOLD TRANSMISSION PINHOLE GRATING
A full characterization of a soft x-ray source needs the determination of the absolute photon flux, the source size, and the spectral distribution of the emitted radiation. One possibility of determining these properties is to use a pinhole transmission grating and a CCD. The grating creates a dispersed spectrum in one direction of the detector, whereas the perpendicular direction displays an image of the source permitting the observation of source size changes ͑Fig. 8͒. The characterized pinhole grating was manufactured by the Heidenhain company, Traunreut. It consists of 2000 parallel gold bars per millimeter with 200 nm thickness. 11 The distance between the bars is equal to their width. The bars are contained in a pinhole of 50 m diam in a gold foil with a thickness between 25 and 30 m.
The calibration of the pinhole gold transmission grating at photon energies from 60 to 600 eV is performed using the reflectometer 17 at the SX700 radiometric beamline. Due to the small diameter of the pinhole, which caused a low photon flux, the uncertainty of the diffraction efficiency of the pinhole grating increases due to counting statistics in some cases up to 5%. The diffracted radiation is measured in zeroth, first, and second order ͑Fig. 9͒. The third-order signal has not been evaluated as it is lower than the background noise signal. The measured diffraction efficiency in Fig. 10 shows a rapid decrease of the zeroth order at a photon energy of 150 eV, while the diffraction efficiency of the first and second order increases at this point. The reason for this effect is that in this energy region the gold bars are not opaque so that phase effects have to be taken into account.
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VIII. DISCUSSION
Two CCD cameras modified for the soft x-ray photon detection were calibrated with an uncertainty of typically 2% in the soft x-ray region at the PTB radiometry laboratory using synchrotron radiation provided by the electron storage ring BESSY. The measurements show that in the investigated spectral range the sensitivity of thinned back illuminated CCD chips is about one order of magnitude higher than the one of coated CCDs. The sensitivity can be verified roughly by calculations using an absorption model. A comparison of the sensitivity of a coated CCD chip with the results obtained by an earlier measurement with another coated chip shows only slight differences at the oxygen absorption edge due to the different coating thicknesses. The CCD detector is intended to be used together with a pinhole transmission grating as a spectrograph. Therefore the diffraction efficiency of the pinhole grating has been determined in order to characterize soft x-ray sources including the determination of the absolute photon flux, the wavelength distribution, and the source size. The calibrated components will be used in future experiments to determine the emission characteristics of table top soft x-ray sources, especially laser produced plasmas and pinch plasmas. 
